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SUMKARY

A computerized engineering model is presented for estimating the

effects of asymmetric lee-side vortices on slendet missile configurations.

The procedure was developed using both empirically letermined quantities

and t'eoretical techniques. Empirical inputs define both vortex locations and

street vortex strengths; whereas, potential flow epnsiderations guide

in the definition of Initial vortex strengths and induced forces and

mouants. The procedure is applicable to bodies with and without tails.

Calculable effects are: induced side forces, yawing moments, tail forces,

and rolling moments. The procedure was applied to a number of different

ccmbinations of geometries and flow conditions and the results compared

against experimental data. These comparisons, while not exact, have

shown t.e procedure to be suitably accurate for preliminary design purposes.

Using this procedure, a user can estimate the magnitude but not necessarily A

the directi.n of vortex induced forces and moments and the angle of attack

at which they first appear. Uncertainity in direction is attributed to

the randomness associated with formation and subsequent shedding of the

initial pair of vortices. Nose geometry irregulhrities greatly influence

the side of the body from which the initial vortex separates.

A users manual for this computerized procedurc is also provided. The

manual includes user instructions, a program listing, sample inputsand

sample outputs.
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1.0 INTRODUCTION

In recent years, increased maneuverability requirements for air-to-air

missiles have dictated correspondiiig increases in angles of attack, particu-.

iLrly for those vehicles which perform slewing maneuvers. Maximum angles

for such missiles can now reach 180.degrees. As a result of these develop-

ments, the flow fields with which the aerodynamicist has to deal are much

more complex, and traditional methods for predictitig aerodynamic character-

iatics are inadequate to deal with all the problems involved. One example

of method deficiency is found in the angle of attack range 25-50 degrees.

Here, steady, asymmetric vortex patterns usually develop in the body wake

and can induce large side forces and yawing and rolling moments which are

detrimental to missile controllability. Few methods are currently available

for predicting these forces and moments or for analyzing the complex flow

fields which produce them. The effects are particularly acute in the sub-

Wixtic-transonic speed range. At Hach numbers greater than about 1.5, however,

they tend to diminish rapidly.

The flow phenomena involved and their effects have received considerable

attention recently, (1-9)althoush wake vortex effects and asymmetry have

been reported by earlier authors.(10-13) Among the earliest studies were

(10) an ekn n gne,(1-1)those of Allen and Perkins inand Perkins and Jogensen, inwhich some

of the basic flow structure in the wake was inveqtigated and the onset of

vortex asymmetry observed. More recent work by Thomson and Morrison( 1 and

Thomson (2,8) determined details of'the wake flow field and the associated

vortex ctAracterist'cs through direct flow probing. In that work, attention

was drawn to the strong similarities between the three-dimensional

asymmetric wake and its two-dimensional counterpart, the von Karmen vortex street.

,
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eaAsurements were made of vortex strengths, spacing aO. shedding frequency. The

data of Reference I have often formed the basis for follow-on work to determine

vortex effects on slender missiles(5,8) or for the computation of wake flow

characteristics.(6) The measurements form part of the basis for the present

work, with suitable modifications for various flow parameter changes.

Recent wind tunnel investigations performed by Martin Marietta showed

marked evidence of asymmetric vortex effects. The magnitudes of typical

induced quantities are shown in Figures I and 2. In Figure 1. pitch and

yaw plane moment data up to 60 degrees angle of attack are shown for an

isolated body composed of an ogive-cylinder of 10:1 total slenderness ratio.

Beginning around 25 degrees angle of attack, considerable yawing moments

were induced due to asynmetries. The addition of tails to the body (Figure

2) results in the generation of yawing moments which are almost as large as

the pitching moments. In addition .o the problem of magnitudes is that of

unpredicatable sign. (1,3.4) Random changes in direction of forces and

moments~hava been observed, sometimes related to changing flow conditions,

but often interpreted to be caused by small manufacturing imperfections near

(1,3,4)the missile nose .In fact, significant changes in induced force and

moment magritudes and signs can be produced by rotation of all or parts of

the body.(1,3;4) This has further, serious implIcations for missile con-

trollability.

It is clear that techniques are required for calculating the forces

and moments induced by asymmetric vortex wakes. Some work has already been

done in this area (8,9) for slender bodies at subcritical crossflow Reynolds

number. The procedute presented in this document deals with that case also,

but goes further in considering supercritical crossflow Reynolds and Mach

2
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number effects for bodies with and without tails. This technique is

semi-empirical, drawing upon the experimental evidence referrcd to above,

but modifying It for different flow conditions and supplementing it with

analytical results and techniques. To make this technique more readily

useable, it has been programmed for digital computation.

The layout of this document is as follows: first, a general descript-

Lon of the flowfield is presented, followed by descriptions of the techniques

used to model the asymmetric vortex wake and calculate the induced forces

and moments. Following these, there is a section presenting co " arl-

sons between predicted results and experimentally measured data. Finally,

there is the informaticn necessary to operate the program, i.e.,user

instructions, a program flow chart and listing, sample inputs/outputs and

an indication of program limitations.

4
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2.0 FLOWFIELD DESCRIPTION

When a slender missile body is placed at angle of atta.Lck in a uniform

flow, the boundary layer generally separates on either side of the body and

forms a lee side wake. Separation usually begins near the rear when the

missile reaches about 6 degrees angle of attack. The wake takes the form

of'a pair of symmetrically-disposed, counter-rotating vortices fed by vov.-

ticity shed from the separating boundary layer. As angle of attack increases

the axial extents, sizes and strengths of the vortex increase also.

In general, vortex size and strength also increase towards the rear

of the body. Several authors have formulated descriptions of vortex develop-

sent along slender bodies in terms of two-dimensional, impulsively-started

flows around cylinders. These formulations relate flow development with

time, measured either from the beginning of impulsive two-dimensional

motion or from the instant a fluid particle makes contact with a three-

dimensional body. In the latter case, time is defined by distance travelled

along the body and the axial component of freestream velocity. For the two-

dimensional case, th. motion of the vortex cores as time passes (i.e.,

vortex size and strength increase) theoretically follows a path known as

the f•ippl line.(l 4 ) Use ,has been made of this result in the present work,

as will be described later.

When the body angle of attack reaches about 25 degrees, the symmetric

nature of the wake disappears. The two vortices are joined by a third,

beginning again at the body rear, and the wake becomes asymmetric. As

angle is increased further, more vortices join the flow, until the wake con-

tains several which have been shed from the body. An idealized model of

the flow field is shown in Figure 3. A section taken through the wake shows

6
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it to resemble the von Karman vortex street, well kupr,• in the literature

an two-dimensional flows. Not all of tle vorttves nrcr frilly shed, however;

two usually remain close to the body, receiving vorticity from the shedding

boundary layers. If angle of attack continues to Increase these, too, will

be fully shed into the wake when their strength reaches some critical value.

Their places will be taken by yet other growing vortices.

While a growing vortex is receiving vorticity from the boundary layer.

i.e., before it reaches full strength, it tends to stay close to the body.

Thomson and Morrison showed schlieren photographs which implied that the

vortex core is some'hat curved while it is forming. Not until full strength

has been reacded does the core become straight and parallel to the rest of

the vortices in the street'. This core behavior Is indicated in Figure 3.

It has been determined thit a marked similarity exists between the

mianifestations and effects of two- and three-dimensional asymmetric vortex

wakes. In fact, the von Karman street stability criterion that the ratio

of lateral street dimension, h, to the distance between vortices of like

sign, 1, liven by h - 0.2811, has been shown to apply to both cases

(Figure 3). Howe-er, in the wake of Figure 3 no lateral motion of the vor-

tex cores relative to the body takes place. The two-dimensional phenometnon

of increasing distance between vortex core and body as time increases is

analogized in the same way as for the synmetcical -ortices. That is to say,

the wake is steady and the motion of a fluid particle along a (stationary)

vortex core may again be described in equivalent time by its axial velocity

and distance traveled. Thrrugh use of this analogy, Thomson(2) and Thomson

and Morrison (1) were able to deduce the strengths of asymmetric wake vortices

as wail as their effects upon body crocsflow drag. Thomson (8) recently ex-

tended this work to deal with Induced side forces and yawing moments on bodies

at subcritical crossf'low Reynolds numbers.

8
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At still higher angles of attark, say greater than 50 degrees, the vake

begins to display unsteadiness. [he vortex cures show definite lateral dis-

placements relative to the body and the induced forces and moments become

time-dependent. The procedure presentetd in this document does not consider

this case. Attention is directed only to the phenomena in the angle of

.attack range from 25 to 50 degrees and their 'effects upon missile aero-

dynamic characteristics.

9
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3.0 CONSTRUCTION OF FLOW FIELD MODEL

Development of a procedure to predict the effects of an asymmetric

vortex wake on configuration aerodynamics requires the development of a

realistic flow field model. A flow field model, reflecting the state-of-the

art, can be developed using semi-empirical inputs based on the data of

References 1, 2, 8 and 16 and theoretical results (14,15)

Vortex strengths and locations have been made compatible

with the findings of Reference 1 and suitably scaled to broaden their ranges

of applicability. In addition, theoretical results on the locations of wake

vortices and their images have been introduced and the contribution of nose

potential lift to vortex strength has been considered. Both shed and grow-

ing vortices are treated, making use in part, of a vorticity-conservation

(6)
concept. Each of the above components of the model is described in de-

tail beginning with vortex strength.

Vortex Strength

Detailed flow surveys have shown'18) that not all the wake vortices

are of the same strength. Generally, the first vortex from the nose origin-

ates near the nose/body junction and has the smallest strength in the wake,

r,, say. The second vortex separates soon after the first and has a somewhat

higher strength, r 2 . From the third vortex onwards, all have approximately

the same strength, r (>r 2), aid their spacing and strength are analogous to

those of the vortices in a von Karman street. While the first and second

vortex strengths will contain contributions from the (potential) nose lift,

the "street" vortices are wholly fed with vorticity from the separating body

boundary layer. Reference 8 presents detailed information on dimensionless

vortex strength, r., for various angles of attack at subcritical crossflow

Reynolds number. For the first two vortices, strength is calculated using

concepts from potential flow theory.

10
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The first and second vortex stre gths must contain a contribution

from the potential flow lift of the nose. The strength of the first vortex,

ma, my be extiaated if it is assumed chat the nose is replaced by a horizon-

tal liftinj line of constant strength, r1 located at the nose/body junction

(Figure 4). All of the nose lift is assumed generated by this line and the

associated trailing vortices will have its strength provided t1'-y receive no

further vorticity, from the shedding boundary layer for example. The first

vortex shed, near the nose body junction, will probably contain only potential-

flow-generated circulation. To calculate vortex strength rI is straight

forward. It can be shown( 1 5 ) that the coefficients of normal and axial force

acting on the nose are predicted by slender body theory to be:

2
C 2 sin a and CA - CA - sin a

0
where the reference area is that of the body cross' section. Converting these

quantities to lift coefficient yields

C - C cos a - C sin a
L N A

If CA is assumed negligible (as it will be, compared to the axial forces
0

generated at the high angles of attack here) thim expression becomes after

some manipulation

L -•V2 wd2 (2 sin a cos a + sin a)

-P rIdV

The latter expression is the well-known Kutta-Joukowski theorem. Finally,

the equation may be rearranged to yield:

Fl1
W (2 cos + sin a) (1)

Vd sin a

This dimensionless vortex strength may be compared with measurements

from flow field surveys.(I) Using an angle of 30 degrees, equation (1)

yields a dimensionless strength of 0.78. The corresponding measured strengths

11
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from Reference 1 show a range of values from 0.3 to 1.1 with a mean value j
of 0.7. This compares quite well with the predicted value. Where it is

found that the first vortex is shed forward of the nose/body junction, its

strength Is simply determined by using the local nose diameter in equation

There should be little or no effect of Reynolds number on r since the

strength is determined by potential flow considerations. On the other hand,

Is wholly produced by visous flow and is strongly affected by crossfluw

Reynolds number (R ), which influences the characteristics of the boundary

layer shed to form the street vortices. The second vortex, being shed

downstream from the nose/body junction, is modeled here as a "mixed vortex,"

I.e., a potential flow vortex which receives additional vorticity from the

shedding boundary layer just 4ft of the nose (Figure 4). Formally, ris 2

expressed as:

2 r 1 + K ra

X was found empirically to be about 0.22 from the wake survey data of Ref-

erence 1.

For street vortex strength at subcritical PF , the data shown in Figurec

5 were used . In order to scale r for supercritical R ,use was made ofa eC

von lKrm^an's result( 1 4 ) that crossflow drag coefficient, Cdc, is approximately

proportional to the street vortex strength, rs (the expression for Cdc con-
2

tains terms in r and r ; however, the latter accounts fo: less than 10 per-

cent of the total; hence, Cdc is approximately proportioral to r ). Data obtained

(16)from Martin 1larietta investigations into crossflow drag produced the in-

formation of Figure 6, which shows that for low crossflow Mach number, crossflow

Reynolds number has a strong influence on crossflow drag. Above the critical

crosaflow Reynolds number (about 105), Cdc shows a significant decrease below

the subcritical value. Hence, ra, too, will be significantly reduced. An

increase in crossflow Mach number, Mc, is required to increase b6th c and
cl, 'dc

13
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r . Accordingly, for R > 105 the subcritical R values of r froma ec ec s

Figure 5 are scaled in the same ratio as Cdc from Figure 6.

In order to illuminate further the mechanisms e.nderlying the relation-

ship between crossflow Reynolds number and vortex strength, recent work by

Fidler(6) will be briefly described. It may be shown that the strength of

a lee side asymmetric vortex can be relatedto the flux of crosaflow vorticity

leaving the body at the circumferential separation point defined by 0s. Further,

the vorticity flux shed over axial distance g (at fixed angle of attack) in

unit time is:

F - const/ Us2 dx
Bs

0

The vorticity thus shed diffuses through the vortex to produce the cir-

culation r.. Equating the flux F B to that flowing along a wake vortex of

core velocity V yields an expression for vortex strength:

a

r' const a Us 2 dx

Now Us,.the circumferential velocity at the boundary layer edge at sepa-

ration, is a function of 0 . In the two-dimensional case (17) it 'has beens

found experimentally that when crossflow Reynolds number is subcritical, e
s

lies near the meridian of the'cylinder and the associated separation velo-

city U is larger than in the supercritical Reynolds number case, where the

'separation point lies far over on the cylinder lee side. Continuing the.

anelogy between two and three dimensions indicates that crossflow Reynolds

number affects r5 through its effects; first upon es, which in turn deter-

mines U5 which defines the vorticity flux flowing from the body and dif-

fuses through the vortex to produce r5. Hence, subcritical R producesS e
c

larger r values than does supercritical R , provided crossflow Mach number
c

In low.
16



The foregoing discussions deal with fully-developed vo .. ces which

have left the immediate vicinity of the body and Joined tht: asymmetric wake

pattern. However, consideration must be given to the street vortices while

they are lorming close to the body. As previously discussed, these growing

vorticies are fed by vorticity from the separating body boundary layer.

Assuming rapid diffusion of vorticity the local vortex strength r(x) formed

by shedding a boundary layer over distance x may be written (see previous

equation).
x

r(x) =const Us dx

0

Furthermore, it has been experimentally determined• 4 • that for those

portions of the body where street vortices are being formed and for given

flow conditions, the circumferential location of boundary layer separation,

0., is approximately constant with x. Hence, U, the circumferential

velocity at the boundary layer edge at separation is also constant. Thus

the local vortex strength is seen to be directly proportional to x, i.e.,

r(x) - r x/g where g is the distance over which boundary layer
5

fluid is shed to form a street vortex. ,

One final item affecting the strengths of forming vortices has been

shownby Thmson(8)
considered. It has been shown by Thomson that as a growing vortex nears

the base of the body, the rate at which its strength increases is reduced

due to base proximity. Thomson's data indicate that the growth rate is

only 40 percent of normal. The axial extent of the region over which the base

influence is felt is given by

e- d_________

2 S I tan a

The model contains this feature.

At any body axial station, then, the strengths of all the vortices

17
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are calculable from the combined theoretical/empirical'procedures described

above. The next stage in flow field model construction is to locate the

vortices relative to the body so that their effects may be calculated.

Vortex Location and Spacing

The problem of locating vortex cores in space relative, to the body

must be handled separately for vortices growing near the body (i.e., those

being fed with vorticity from the separating boundary layer) and for shed

vortices which can be considered part of the wake street. In the former

case, use is made of theoretical results from two-dimensional potential

flow theory; in the latter, systematic experimental evidence, suitably

scaled for flow parameter changes, is employed. The case of growing vor-

tices will be described first.

Growing Vortices

In order to model the trajectory followed by a growing vortex, two

reference points are required. The first is the circum'erential location

on the body at which the boundary layer separates. The second is the

point in space at which the vortex has reached full strength and can be

said to have Joined the street.

The first point is located by the empirical relationship

8 = sin~1 (3 tan 6/2 tan a)

The angle thus defined places separation in the general region typical

of laminar/turbulent boundary layers. Since the means of determining

vortex strength does not rely upon an exact knowledge of the separation

point location, the above approximation is sufficient for present purposes.

If the determination of vortex strength had required use of the Kutta

condition, or some estimate of vorticity flux leaving the body, the angle

18
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8 would have been required with some accuracy. In the present method

however, vortex strength is defined otherwise and a rough estimate of the

separation angle is sufficient.

The second point for anchoring the'growing vortex trajectories was

taken as the Intersection of the Foppl and von Karman lines along which

the symmetric and asymmetric vortex cores were known to move respectively.

Use of this point was justified as follows:

As discussed earlier, the appearance of vortices in the wake shown,

at the earliest stage, a symmetric pair. At any axial station, increasing

angle of attack produces increased vortex size and strength as well as an

outward movement of the core approximately follo*ing the Foppl line. It

was reasoned that at the first appearance of asymmetry, one of the vortices

on the Foppl line would change its trajectory and proceed outwards along

a new path defined by the von Karman stability relationship described

earlier. The second vortex would perform similarly and this would then

set up the spacing of vortices'in the street. It was hypothesize4 then,

that in order to continue the spacing pattern, the intersection of' the

Foppl and von Karman lines would denote the point at which all vortices

reached full strength and were shed into the street. In order to test

this hypothesis the schlieren photographs of Thomson and Morrison (1>

were examined to determine the distance from the body where vortex feed-

ing from the boundary layer ceased, i.e., the point at which the growing

vortex cores became straight and joined the street.' It was found that the

points thus defined covered a band of values from 2 to 2.5 diameters above

the body and at a lateral distance defined by the von Karman stability

criterion. To determine the theoretical location of the shedding point,

2 2the following procedure was used.' With'the equation, (14), 2 ry r r - a
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the Foppl line was drawn relative to the cylinder of Figure 7. The data

of Reference I were used in the equation d/t - S/X to determine t, the

spacing between street vortices of like sign for subcritical crossflow

Reynolds numbers. Then the von Karman relation h -0.281i was used to

superimpose the street vortex location line on Figure 7. The intersection

of the Foppl and von Karman lines was found to lie within the experimentally-

determined range given above. It was concluded then, that this intersection

point provided a good estimate of the location at which the vortices stopped

growing and were shed to form part of the street. For the purposes of this

engineering flow model the growing vortex core was assumed to move linearly

between the two anchor points. The resulting core trajectory model is

shown (foreshortened) in Figure 8.

Street Vortices

From the Foppl/von Karmar, line intersection the vortex cores stream

back into the wake as straight lines, making angle, with, the body axis.

This angle was measured by Thomson and Morrison,(,) related to the rate at

which a fluid particle flowing along the core increases its distance from

the body, and thence analogized to the two-dimensional von Karman street.

Sis related to missile angle of attack through the parameter X - tan

'1)
C/tan a' . If the point on the body from which a vortex emnates is

known, then its core location in space may be partly determined using X-

For the purposes of this work X was assumed unaffected by changes in cross-

flow Reynolds number.

Vortex starting points on the body were estimated in Reference 1 as

being the intersection point of the body axis and the extrapolated street

vortex cores. Since these positions were obtained for tailless bodies, the
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present work assumes that in the presence of tails, body vortex formation

ceases at the body/tail leading edge intersection. Provided the Strouhal

Ougbers S. is kzown, the starting points of wake vortices can be determined.

Further, using the relation(1) d/I'- S/X, the lateral spacing, t, between

vortices of like sign, and hence 0.281t, the von Karman-deduced criterion

for lateral spacing can be determined. The vortex cores can now be located

in space relative to the body at any point along their' lengths. At this

stage, however, the information is sufficient only for subcritical cross-

flow Reynolds numbers.

The quantity on which attention must be concentrated when scaling

vortex locations for crossflow Reynolds number is the Strouhal number, S.

This measure of the rate at which vortices of likesign are shed from the

body has been shown to exhibit strong similarities between the two- and three-

dimensional cases. In Reference 1, S was determined experimentally to have

values near. 0.2 for a wide range of crossflow Mach numbers. This compares

well with the two-dimensional value at subcritical crossflow Reynolds number,

It is known however, that tor cylinders, S varies with crossflow Reynolds

number and increases to values in the range 0.3 to 0.5 at supercritical Rec.

This has a direct effect on vortex spacing, both longitudinal and lateral.

For bodies alone then, S = 0.2 is used for subcritical Rec. It has been

found that a value of S 0.35 gives the best results for supercritical Rec.

For bodies with tails, the rate of vortex formation is Influenced by the

presence of the tails. Experimental evidence indicates that the effect is

to reduce the rate of formation to that defined by S 0.2 regardless of i

whether the crossflow Reynolds number is sub- or supercritical. Accordingly,

for bodies with tails, S = 0.2 is used throughout.
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Using the above empirical and theoretical inputs, a model can be

constructed of the asymmetric wake produced by a slender missile configuration

at high angles of attack. This model includes the number and locations of

vortices in the wake and their strengths, suitably scaled for Mach number

ian keynolds number effect*. Both growing and shed vortices are Included

in the model. Having constructed a model of the wake, the next step is to

consider Its effect on the missile configuration.
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4.0 FORCE AND MOMENT COMPUTATIONAL TECHNIQUES

Having established a technique to model the wake produced by a slender

missile configuration at high angles of attack, the next step iu to calculate

the forces and moments induced on the configuration by the wake. This

section precents a computational proc. :ure to do this for bodies alone and

then for bodies with tails. In either case, the procedure, calls for the

calculation of incremental effects produced on various configuration segments

and then integration of these effects to determine the forces and moments

induced by the wake.

This computational procedure was designed with the intent that it

not be overly complicated.. With this in mind, the following basic assumption

was made concerning the location within the body of the image vortices

required to preserve the velocity tangency condition on the surface of the

body at each axial station. These image vortices'are located in the body

on a plane perpendicular to the vortex core; however, this raises a problem

because of the inclination of the vortex cores relative to the body axis.

A cross-section normal to the street cores shows an elliptical body section,

inside which the 1ccation of image vortices is not simply accomplished. In

keeping with the simple nature of this mrdel it was decided that, if possible,

image vortices should be located by means of the circle theorem.( 14 ) This

was accomplished by resolving the vortex circulation vectors normal and

parallel to the body axis. By ignoring the former as having no relevance

in the two-dimensional section model, the latter components plus their

Images could then be used to determine forces and moments. The use of images

was not necessary for body quantities, but was, how'ver, mandatory for

tailed regions of the missiles. Theme points are discussed below.
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"Body Forces and Moments

The calculation of body forces and moments begins with the determination

oi the incremental force on each body segment. In order to calculate this

force, the local net circulation of all the vortices in the wake must be

known. Further, these vortices must have their circulation vectors resolved

parallel to the body as described above. At any axial station from the nose,

there are usually several wake vortices of strength ra and two growing

vortices, one on the left side, having strength rL(x) arid another on the

"\ right, of strength rR(X) Since g is the axial distance over which a vortex

grows to full strength then xR a xL + g/2 assuming rR > r L. To resolve

the strengths parallel to the body axis, the angle a for growing and ý for

street vortices were used respectively. Side force on unit length of the

body was calculated using the Kutta-Joukowski expression.

SR-rI m+l R-rI
SY - pVsin a r{rR(x)-rL (x)) cos a + ( =) _ - (--)r cos

i-l R R 1-1 R L

Where it has been assumed, for illustration, that there are (÷+l) fully

developed vortices on the left side of the body and m on Ehe right. The

term (R-rI)/R is an empirical factor accounting for the attenuation of

fully developed vortex effects on the body as their distances from it increases.

ri Is the actual distance of the vortex from the body and R is an arbitrary

distance at which vortex effect is assumed to have attet,uated to zero. The

smallest value of r is defined by the Foppl/von Karman intersection point.

This formulation was an attempt to model 'the expected vortex attenuation

effect empirically. As will be shown later, it was found that the best

representation of forces and moments was obtained when the street vortex

strength was allowed to attenuate to zero immediately after shedding.
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Total side force Y and yawlng momont YM aire cailculatted by numerically

inteprating along the body length. At this stage In tht' computerized

version of the procedure, an option Is provided allowing the user to cal-

culate the effect of varying nose fineress and bluntness ratios. This

option uses the data of References 3 and 19 to scale the total body side

force and yawing moment for various nose fineness and bluntness ratios.

The calculation of individual side 'forces and yawing moments outlined above,

employs the flowfield model developed using the empirical data from Reference

to determine street vortex strength and vortex separation, points. These

empirical inputs were derived from wind tunnel data for a configuration

having a 3.798 fineness ratio conic nose. The data of Reference 3, obtained.

from tests of confiLratilns with noses of fineness ratios of 2, 3 and 4,

show that the maximum absolute valhe of side force, ICYfMAX, generally

tended to increase with increased fineness ratio for noses with little or

no bluntness (see Figure 9). To sccount for this effect, the data of Figure 9

were used to produce scale factors by which the basic output, based on a

3.798 fineness ratio nose, could be scaled.

The data of Reference 3 also indicated that increases in nose bluntness

generally tended to red-ice the maximum value of side force. Figure 10

shows the effects of blunting a fineness ratio 4.0 nose. Data were also

available for fineness ratio 2.0 and 3.0 nose configurations with bluntnesses

of 0, 5, 10, 20 and 50 percent. These data were used to produce scale

factors by which the values of side force, already corrected for fineness

ratio, could be scaled.

Schlieren photographs in Reference 3 indicate that variations' in fineness

ratio impact the location at which vortices are shed and that variations in
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fineness ratio impact the location at which vortices are shod and that

variations in nose bluntness delay vortex separation. This is to say that

variations in nose geometry influence the structure' of the asymmetric wake.

Rather than attempting to modify the. r howi leld model presented in Section

3.0, the scaling technique outlined above was employed in keeping with

the simplified nature of the model.

Caution Is advised when employing the above scaling technique for nose

fineness and bluntness ratio variations. The waraing is necessary because i

the data 3,9used to.-derive the scaling factors were mean values and data

showing considerable scatter. It is also possible that an independent t,ýst

of these same configurations could produce considerably different data due

to the dynamic nature of the vortex shedding phenomenon.

Tail Forces and Moments

Induced side forces, yawing moments and rolling moments due to the

presence of tails can arise even when no asymmetry exists in the wake vortex

pattern. This is because of varying net angles of attack of the various tails

when the missile is rolled at arbitrary angles. Hence, in order to be certain

that experimental data indicate the presence of vortex asymmetry, it Is

necessary to be selective in choosing missile roll attitudes. For a cruciform

missile, roll angles of 0 "plus" and 45 degrees "~cross"~ are the only attitudes

where, in the absence of wake asymmetry, zero side forces, rolling moments

and yawing moments occur (assuming, of course, no tail deflections). The pre-

sent model has been compared against experimental data from cruciform missiles

and hence the above two roll angles will be referred to exclusively.

The procedure for calculating Induced tail forces will. be described for

a vertical lee-side tail such as could be used on a cruciform missile in

"plus" attitude. The major elemeht3 of the treatmient are most expeditiously

described for this case, although the complete procedure will handle tails

- 29
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at any roll angle so that the orogram can treat hndies at arbitrary roll or

whose tails number other than four.

The first step in the process is to determine, for each vovtex, the

aidewash velocity induced normal to the tail leading edge at each spanwise

station. Since the effects of image vortices must be considered and it is

preferred that the circle theorem be used, the wake vortex circulation

vector is resolved parallel to the body exis as before. In this case,

however, instead of simply resolving rs through aome angle analogous to

as was done for the body ab6ve, a new stre.agth is defined which will pro-

duce the same values of sidewash velocity as did the original vortex.

A single vortex in the wake plus its images will induce some distribution

of sidewash velocity v along the tail leading edge. The average value

of this sidewash is

1 f vdz

a

If now the average sidewash is divided by the axial velocity Vcosa,

the average angle if attack induced on-the tail is obtained. Using the

result from slender body theory, that for low aspect ratio tails typical of

missile configurations the slope of normal force coefficient is given by

ItAR/2, the normal force coefficient induced on the tail dae to the ith

vortex may be expressed formally as

C - wAR AT (3)SCi j Vi dz
N 2p Vcosa A. vidz

In order to determine rolling moment induced on the missile due to the

vertical tail, the resultant nurmal force is -assumied to act at the centroid

of the sidewash velocity distribution or, for the ith vortex

ACl [ Hia + vi--dz/ vidz T(4)

i L 0 AB
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The total induced forces and moments are obtained by summing the

effects ,of all vortices in the wake.

Yawing moment induced by the tail is calculated by assuming that the

resultant loading is located at the mid-point of the leading edge.

The above procedure has been generalized' to handle taIls at any roll

angle.' In this way, the contributions of all taile to side forces and

yawing and rolling moments may be determined.

Since arbitrary roll angles can be considered, this raises potential

problems when a vortex core intersects the leading edge. For potential

vortices of the kind used here, flow velocities become extremely high

.near the core, resulting in unrealistically high induced sidewash angles.

This problem was circumvented by introducing into each vortex a solid core

of radius 0.25 body radius.(1 8 )

When the tail intersects this core, calculations are discontinued. If

the core passes over a tail while angle of attack is increasing, the forces

amd moments are faired across the gap within which calculations are not

performed. This procedure has proved quite satisfactory in practice.

Instead of the slender body theory approach to tail force, strip

theory might.have been employed. It was felt, however, that the former was

more appropriate for the low aspect ratio tails for which the program would

probably be used. The program is flexible enough, however, that strip

theory could-be easily introduced if it were considered necessary.
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5.0 COMPARISONS BETWEEN COMPUTED AND FXPERIMENTAL RESULTS

At this stage then, the effects of the wake vortices on bodies and

tails are calculable. Comparisons will now be presented between predicted

and experimental forces and moments to illustrate the performance of this

engineeringgmodel. Bodies alone and with cruciform tails will be consid-

ered. The effect of varying the number of vortices considered will be shown.

Program predictions have been compared against various experimental data,

generated on a selection of the Martin Marietta Aerodynamic Research models. (16)

The basic model used for high angle data generation was a 10 caliber tangent

ogive/cylinder. This body was tested alone and with several sets of cruci-

form tails affixed. Each tail was individually instrumented so that program

predictions of vertical tail forces and moments could be checked for "plus"

attitudes. For tails other than vertical, the program would predict only

the Incremental force generated on them by the asymmetric wake. Freestream

effects were not taken into, account, and hence forces for non-vertical tails

will not be discussed. However, since the differerces between non-vertical

tails due to asymmetric effects were presumed to be valid for "plus" and "cross"

attitudes, th.e program was used to predict rolling moments for these attitudes.

The first comparison is shown in Figure 11. Here, program predictions

of normal force on a vertical, lee side tail fixed to the body are compared

against experimental data. Also shown is the effect. of considering all of

the vortices in the wake and of using only those vortices closest to the

body, i.e., the growing vortices. It will be seen that the magnitude of

tail force is predicted within a few percent using only the growing vortices,

while use of all vortices produces a significant discrepancy. The angle at

which asymmetry begins is matched only fairly, but the angle at which the

appearance of a new wake vortex drives the tail force in the opposite
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direction is matched within a few degrees. From this evidence, it is con-

cluded that the growing vortices tend to dominate the taill •ucrodynamic

characteristics. The second comparison Is shown in Figures 12a and b. Here,

predictions of isolated body side force and yawing mouents are compared

against test data. Again, the effects of considering all of the wake

vortices separately from the growing vortices are considered. To make the

distinction clearer, no atteauation of non-growing vortex effects has been

Included. It will be seen that use of all the vortices produces divergent

results which have none of the oscillatory character typical of asymmetric

effects and evidenced, by the dato. This is because the net wake circulation

re~a•is unchanged in sign, regardless of the number of vortices present.

Use of tKR growing vortices only, on the other hand, yields quite good

matching of force and moment magnitudes, as well as angles of onset and

new vortex appearance, at least until several vortices are present. While

matching is not exact at the higher angles it' is clear that use of the

program will produce satisfactory preliminary design level estimates for

isolated bodies.'

Lastly, comparisons are shown between predictions and data for the

10 caliber body with a variety of tails,. Based on the results for tails

and bodies, these comparisons contain the effects of growing vortices only.

Figures 13 a, b, and c show side force, yawing moment and rolling moment cov-

parisonr respectively. Prediction accuracy is generally satisfactory. In

most cases the magnitudes of the quantities are predicted quite closely.

On the other hand, the onset of asymmetry and the appearance of new vortices

are not always so accurately -eproduced.

The results of Figures 11-13 indicate that the vortices growing in the

vicinity of the body dominate the induced effectb. This appears intuitively''

correct, particularly in the ,contextof the two-dimensional analogy. There,

the vortices closest to the body would be expected to produce the pressure
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and velocity distributions which generate the forces and moments, with

the remainder of the vortices having little effect as they pass downstream.

it is not unexpected then, that the three-dimensional case should give

similar results. However, although the street vortices have been shown to have

relatively little impact, the experimental information on their strengths and

shedding frequencies remains of central importance since it defines the

bounds of growing vortex strength and shedding frequency.

in general, the model performs quite reasonably. In view of the changes

in force and moment data rignitudes and signs which can be obtained by rotation

of test models, (1. 3.4) some degree of fortuitousness might be assigned to

the results shown. On the other hand.,. it is unlikely that any measured

forces and moments will be significantly greater than those calculated since

the model contains all the essential elements of the vortex flovfield. both

in magnitude and locations. In addition, it is felt that the means of calculating

flow field effects are adequately founded in theory.
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6.0 PROGRAM USERS MANUAL

6.1 Input and Output Formats

Input Format;
The input requirements for this program are relatively simple. The

input can be separated into 9 basic groups. The foilowing gives information

concerning each grouping.

Group I - Flow field data

a. Format: 0F10.0

b. Variables:

VINF - Free stream velocity in ft/sec

FSMN - Free stream Mach number

RHOINF - Free stream density in lb sec

ft4

ANU - Kinematic viscosity in ft2 /ec

Group II - Body Data

a. Format: 6F10.O, 213

b. Variables:

D - Maximum body cross sectional diameter in ft.

SREF - Body reference area in ft2

NOSEL - Nose length in ft.

BODYL - Body length in ft.

XDC - Moment reference measured from the nose in ft. (absolute value)

DELTA Nose half angle in deg. Delta - tan1 (body radius)
nose length'

uS Number of segments into which the finless portion

of the body is to be divided. (Maximum. of 100 segments)

IDCONF - Configuration Type (0 a Body, I - Body + Tail)

Group III - Fin Data (Input only If IDCONF - 1)

a. Format: (7F10.0)

b. Variables: j
39
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XF - Axial distance in feet from nose to physical fin root chord

leading edge. Measured negative from nose aft. (See Figure 14)

YF - Distance in yaw plane from body centerline to fin root

chord leading edge. Measured in feet. (See Figure 14)

ZF - Distance in pitch plane from body centerline to fin root

chord leading edge. Measured in feet. (See Figure 14)

XFHAX - Axial distance in feet from nose to fin tip chord leading

edge. Measured negative from nose aft. (See Figure 14)

YFMAX - Distance in yaw plane from body centerline to fin tip

chord leading edge. Measured in feet. (See Figure 14)

ZFMAX - Distance in pitch plane from body centerline to fin tip

chord leading edge. Measured in feet. (See Figure 14)

SREFT - Tail single panel reference area in ft. 2

The above measurements apply to a single lee-side fin in the pitch plane

of a non-rolled missile.

Group IV - Indicators

a. Format: (313)

Variables

NAOA - Number of angles of attack to be considered. As mary as

30 angles of attack may be entered per run.

NTYPE - Nose type indicator

NTYPE Nose Shape

1 Cone

2 Tangent Ogive

NLAM - Number of roll angles to be considered. As many as 30

roll angles may be entered per run.

Group V.- Angles of Attack

a. Format: (8F10.0)

b. Variables:

AOAD - Angles of attack in degrees (See Figure 14)

Group VI - Roll Angles

40
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a. Format: (8F1O.O)

b. Variables:

RA* - Roll angles in degrees (See Figure 14)

tLocates fin positions relative to leeside vertical,
RA - 0.0

Group VII, - Radial Vortex Limit

a. Format: (FMO.M)

b. Variables:

GLMLIN - Radius at which the influence of a vortex on the
body goes to zero. (diameters)

Group VIII - Nose Fineness and Bluntness Ratio Option

a. Format: (I1,FlO.O)

b. Variables

IOPTI - Option indicator

(0 - Do not use option, I use option)

Nose tip radiua
BRN - Bluntness ratio in percent "Nose base radius X 100)

Croup IX: Run Configuration Indicator

a. Format: (I)

b. Variables:

IRUN - Run indicator (U - another~run'follows,

0 * terminate computations)

Output Format!

Output format will he determined by the nature of the configuration being
analyzed. Output for isnlated bodies consist of angles of attack, side force
coefficients (CY) and vawing moment coefficients (CETAMC) about the moment
center input by the user. If the fineness and bluntness ratio scaling option
is selected, output will be scaled and repeated. Output for body plus tail
covifigurations consist of angles of attack, irduced side force coefficient
(CY), yaving moment coefficient (CrTA•¶C) about the user input moment reference
center and rolling Aoients. Additionally, for a fin located in the leeside
vertical plane (RA * O.0), the force normal to the fin is also printed out.
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6.2 Pro~ram Flow Charts

Two program flow charts are presented. The first (Chart 1) Is a

WmeralLaad flow chart designed to provide the user a basic map of pro-

bram functions. The second flow chart (Chart 2) is designed to give the

user requiring a working knowledge of program functions a more detailed

breakdow of program logic.

Descriptive statements are also contained in the program listing In

order to facilitate tracing the steps thrv.7 gh the program.
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Chart 1. Top Livel Program Flow Chart

parameters.

0 Vortex separstion point coordinates definition.-

E Separatedvotxsrnt$dfe.

y calculation of vortex -induced body side forces -zaing Kutta-Jojakovski

I relatiooship with t~otal circulation attributed to both *had and grow-
in otcs

Isti 3 od n e
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Chart 2. Detailed Program fl1w Chart?

A Rea poram inputs]

5 initialize calculations for a given angle of attack.

IInitialize indicators. zero out storage and calculate axial and
crosaslow comp onents of flow.

I locate Thomson vortex strength, separation angle and separation

point parameters in data tables.

I Calculate pot'ntial flow generated vortex strength parameter.

Calculate vortex strength scaling factor for super-tritical
Reynolds nmes

Define Strouhalnme as a function of cromef low Reyodnibr
*and configuration type.

* Define nnose shoulder location in form of separation point parameter.

Calculate Thomson vortex trajectory angle using separatio3 angle
* parameter.

te

Establish region over which base effects will influence vortex
g grnwth.

I Calculate vortex circumferential separation angle.

Calculate vertical distance between street vortices of lIk sin

Calculate the lateral distance separating vortices in a stable
Von Kerman vortex street.

* Scale street vortex strength parameter for super-critical
I Reynolds numbers.

I Calculate 'street vortex strength using strength prameter.1

* Calculate streetvre ot ae

Determine effective body length under Influence ofvotcs

* For body alone configurations effective body
* length aquals total body length.

IFor body plus tail configurations effective body length Is
* theaxial distance to the most forward point on the fin

I leading edge.
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Chart 2. (coatimend)

Ii

Divide the effective body length Into the specified etmber of
segments or computation intervals.I

If the effective body length is sufficiently long to shed more
* vortices than the Thomson data tables Indicate. add additional

* street vortices at regularly spaced street separat
4
on intervals.S

Using vortex separation point parameters, calculate a"Wl

*osepration points.al

, Examine each body segmsent to determine if Thomson axial separation
* points fell vithin the segment.

After locating Thomson's separation vithin a *egment"

i deterning if separation point io on the nose or cylindrical
portion of body.

Ising local body diameter, calculate coordinates of point
Svwhere Thomson's vortex trajectory penetratan surface.

* Redefine vortex axial vortex separation points as those points dwbre
* Thomson's vortex trajectories penetrate the body surface.
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chart 2. (continused)

fest it a street vortex?

vortex growth'

Vortx h. stengh ~vortex strength calculated based
[Volon local body diameter and cir-defied b Thoson.culation required to produce

a ~potential lift on nos" prior to
point of separation.

1P Vortex strength calculated
S ~based on nose Potential co-

'I tribution and growth from
I ~shoulder to point Of separa

ti3a sre growth rat.

no*xf ad Isthe vortex 0% 1:dtoh 0 To
Ipremiaturely at the bae" Of

count for the region where prematurely with strength ad-
*gowth was ifundbytejusted accordingly.
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•art 2. (continied)

II
Clear err&

I miene each segment to determine the umuber of vortices

I on or prior to it.

Determine the number of shed vortices passing over the
segment and their effect on the segment.

B Shed vortices passing over the entire segmet.I

Are they
:: street vortices? Tem

,

Determine If the vortices are
tranaitioning from t~ Voppi

IVortex traectories, growth trajectory to the

Idefined by Thomson Thomson trajectory or If the

Isearsition angle. transition Is complete.

Circulation about segment defined
as component of vortex cirtulation

I ~resolved parallel to body longitudi-
"I ox a.

Icaculate contribution to segment side forc•n
1yawing moment accounting for the decay iv circu-

ltion with radial distance separating tOe vortex
and segment.I

iLf'any vortices are shed within the bounds of the @0 -i determine the effect of the shed vortices on the portion
of the segment over which they pass taking Into account as
bove, the trajectory they are on ad the decay in circa-

SC lation with radial separation distance.
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I *art 2. (contiams)

B

j , I•Zf any vortices vere shed within the aegment, deterneLv

the influence of these vortices up to the point of| 8e'-spoatintoe.,

I,
I

ae the growing vortices a

I
B,

I
!

|•.•" ttcln to8orest votie

;; ctirculatio.n growth
B to separation.

Calculate vortex growth taking
Sinto account regime of bodyn

I -- mand theit influence of growth| | .... rate. ,

Calculate vortex growth taking into account
the Influence which differeint portions of
the body have or growth rate and If the street

| vortices of interest are the initial two street|vortices or not. liIv

B •,u-at. contribution to sapient side fort. and yawing moent

Sjaccoumting :or the decay in circulation vith radial distance
,s elaratinh the Irowing vortex core and se t.

I0
I
I
B
B
I



Onere 2. (continued)'

I
!
I

I If any vortices were shed within the segment, determine the
J ,Jtinfluence of growing vortices from the point of &oelration|

,to the end of the segment.

I
I
II

Iyes Are the growIinl5vortices the No

initial street vortices?
!
I
I,

S8Iculate vortex growth accounting for any base

I effects and the modified growth rate resulting
I faros the irregular spacing between nose vortier.s

and the initial two street vortices.
I

Calculate vortex growth usin% the nominal street

vortex growth rate and a&,counting for any base
aenfcts on growth rate.

I
I Calculate contribution to saegent side force and yawing moment

I -accounting for the decay in circulation with radial distance

I separating the growing vortex core and segment.I
I

if any vortices were shed from segment of interest,
deteraire the number shed.

I e

I
Did 2 or more shed? yes

I

This aean# that one vo~rtex
will be growing over the en-
tire length of the segment.
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fta,,t 2. (continued)

caromine if the segment is on tbM
*as or not and calculate the vor-

tex growth accordingly.

Are the growing vortices g
iniltial street vortices?

Ii
II

c4iculatte vortex growth accounting fo-- - - ---- r -
any base effects and the sodified growth
rate resulting from the irreglalr epee-

• ~ing b•M@1etwenes vortices OWat the Wt:al|
tw s treet vorti~ces.., -

rcalculate vortex growth using the

S•~omin al street grotah rat~e and at-
I €~ountingK for any bse@ effects a n

S. starth rate.o

[Calculat~e contribut:ion t~o sageut: side force

and Yawing %o~at accountimot for the decay I
circulat~ion wit~h radial distance separating
ithe growing vortex core an~d *aesntm.51

|pese| va the growing t.e

-J

51
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Chart 2. (costumued),

j Lear total side force and yawing moment arrays before summation o

Zeootcontributions to side force and yawing

gr nea to be removed if these contributions
a Erm~fr are to be considered.

ISum contributions to segment side force

Moaed oanexttbmdment.

Calculate se nt moeant arm.

ISum aide force and yawing moments for all body segamets..

no to this a body plus Toee
tail configuration?

U J Co to Ne Cal leo attac suruie re.-at asboe frcalculations. g,.

votxefcso5 is8TXL n aclt

fint norma foc.Idcdrligmmn a

cotiuintIiefre

-4- Sum Islae bod -ld foce an y



6.3 Program Listing
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0411 2IS PAGEISX. BEZT QUALITY PRACTICABLI

REA- LA*OkIUSE-.9.I.A%1 7 0IYl-A)izTOW - ontooZno

DIMENSION G&O(0oiT109)(0~r~'4 00000030
DIMENSION Y4410o:4(0)6FT,?)*qo(ngcP(n 000010040

DIMENSION A3SEP(20)9 4%(3 0) 00004OS0

0I'4qftSflo- CETV4c(109) orl000080
DimiNSION F4T(1no). 7Nrjl(3o) "0n04090
DIMENSION SF!2)S2V2)S4T(.n.ri4(ooF8(n OA000106

DOI m;NS 13-4d 3SK I P(3U) 9 5 4L 1` (311) 00000120

OIm;NS11wI TX1Id7)9T36:P(1fv7) Om600130

DAt4 t6A440/ 2.8 .2.8 2. 9 2.A P?.A1 . ;P.94 * 2.9 9 3.0 * 3.11 0no0014o
*3.28 9 3.41 *3.%o * .$i 9 4.1 , 4,.19 o 4.03 , 3.a 9, .4A 9 2.490n000150

I,2048 * 2.44 2.4 2.! , 2.- 2*9, 9*7 2T ;9 9 3.09 0ti00016()

*3,28 v 3.44 3.S8 3,64 9 3.72 9 3.5 9 2.1 ,2.1 9 2.1 9 2.1 0-400017O
5 * 4 , 2.11 * . , ?.Ib 2 .'e b 9 P.4 , * 2.68 , 2.8, 9 -4eo6 9 0n0001l80

S 3,?J7 , 3.42 3.35 3.1? 9 1.,. 1.' * 1.6 9 ).&1 * 1.6, , 0n000190

I I.6h 9. 1,154 1 17? 7 1.3 di* '.n ;?7.I> 9 2.3 9 2'S 9 2.7 * 0eo0ft200
4 2.688 2.19 4, 2.5. le 9. 1.1 * 1.1 , 1.1 9 1.9113 1,1. 0no00210

9 1.? 1*129 9 1.34 * 1., 9 19A4 9 1.61 . p.0 , p 12 9 2.0iq9 , n000220

1 1.939.61 9*.61 9 45-1 o*.62 * .4,31 9 '~ .9 67 * *:7 t1 S e.91 0(100F)230
? .9 9 Q9 1.1 . IPAi 9*1.31 9 1.29 *11A / Oofooo24n

DATA T#4ACwC/ Menf 90.0h 901.1 9 U.);* 0.7 n .25 0*2 9 (30 o o.-45 9 0nn0of2511
1.4 v 1.ýr, o u.b 9 AS * 0965 , 0.7 * n.75 *00nW260

q /. OnOoZ0f)7

DATA TALPAI A/ n 9 ?.O- 9 30.0 o 40).0 , r~nefl 9 6 I. .00004280

*DATA TGrED/ .12 9 .i 1, *19 0 7 *P1 .?6 o7 9 .32 o *35 , .39 , 0n000290
1000P .'s4 .41 o c;,i o S?, 1;.3 9*R 0~ o 58 o .23 o Onv0,O1fllO

10 .3 *.' 9 .4;) 04.7 C; . 9 S 3 o .37 * 0;00f1310

3 .9* .S , .5, S4 .6 00 .6,3 0 .7 o 7? * oS3 9 .57 , 011000320

4 .71 9 .76 0 .89 0 6*- 9 0017 * 9 . .93 9 .;7 oleo 9, 0000330

5 1.02 91.~ 95 .0 9 1. 1*It . IP 17 .. 13 91.18; vl.,3 91,27 , 0400034 0

5 ~~1.32 91.35 91*30 91.4? 91.44 91, .1.4A 9195- .1.52 9 0n0003S0
7. 1,r%3 91S .1.27 91A 91.6 si.AS .1.73 91078 91*92 * 0n-001`360

4 1,4l~6 9i.-I 91; VJ.Q4 0.q.7 s.1.8 #Pon 92o12 9;0904 o 0OO0~370
?sob 92.19 .?.Ov #2.1 97.1A 9*.?3 92*?lR 92.32 .7.36 , 0n000380
?0~4 02.43 o?,45 02*47 9.'.A -PC; .7.5? .2.53 9*5.6 * 0O;W39o

* .58 9,.i9 .?.S 9.0@'R *7.73 .7.78 .2.62 92*46 .,.*9 * OAO0fl400

3 2043 ge.46 t.2.b 93.ol 91,03 ti.#6 939091 93.19 9.4.1 t O0n(14l0
4 3.i1 93.12 / onooo42 o

DATA TXJ / Aq1P# sie Mie &.j;'. Aj0. .01 q .0009~ OR 0 .793. 0n-o0n436

I .704r .713. .1249 071;, ff) 9* AT * o.6479 .57 / n000440

.............o*UT*.3ATA*~***1* W*1*1~*@*A*I*E n4r*FP*~4o***O9***@**

41 '4EA .(5.1 vl JF.Fcm'4.. ý-4)('jF9 MAU GAflOO5lO
I FOP..AtHFIA.0, 0~0"4511
? FO~amAT(SFlQ.G.2.T3) 0n0005l2

3 FOQ4AAT(113) On-000O31

4 FOr4PAr(T1.F10.0) 04000S514
R EA3 C~j~v~T0 14?r-114"AINNI.

)~jC4.jnG 0n00j mO063 o

REA) F14 'ATA Fn A Of30 P'L'JS 'AIL :1-tThtlIRAT TONS
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Pil DELrA~x0ELT4/i?.2 4''?T AOnOCK %0:TYc NDfl~r

RFA) NJ-4IiER Or A"43L~b :IF QjAI,~ To ~) ~ O O,'L

C RCA.) ANGLES Or ATTA:KOoo2

C REA) 14)l L A46--Fc

C. REAJ P401AL LPTMT :)?I VORTSX 1-41;1 11-N~-F

REA)(S#I)3A4LTNM 
O,00091fl

C REA) NOSE FIN--NFhi vi). )4LdNTNEbiS 'OPtTOI rlAT& n~ll

C STA-41 ;44Lk Or ATraa-K 00U

DO 51 I:1,*AO*A 
onoofQ2n

AnA4(I) =A)AA)( T /51. P9217 0fl00093f

51 CONTINUE 
0"0069 40

0052 1219NAUA 
0n00ft950

ISKIP(I)' 
oflOOolI~bf

ISTIP=J Of - 00097 nl

LAMvRA C i4A) 
0400OO990

LAI4SLAA/S7?.
9 77T 3l OnO0l1lfi

IF I UCo-!F.Ef ).,i( I I)oi~
XF14zAI': 

OnO0O1f 3 1

ZVFa (1)/.)*C( (L4 
n001050

21 On 414 K21.'4S 
Ontlvf

SF (0z0.0 
00n1Orl~n

414 CO1.,rINUE 
4 00001080

DO 415. J21920 
0"OnO1l90

Anc~r (J) v, IOfoollaft

415 Coa r INUE 
oft,001In1

CYII)*O.t) 
0"001120

SRn-M(1)aoov 
60'01130

CFPTA I) mU * 
0n001150

CETA"CC V :0.0 
uol

C cqnss FlUo -, E -OC I Yr A ZO IAL.4 '.Ju.LtS4 r0O1

VC=V1NF*S!N(AlA4( I)) 
04001 160

CqiFM~zFhJOSINCAjA4(rJ))0017

C AXIAL VEL)CITY AN) 4A:H NJMLJQ ~o
A4AA=SN*C3S(AnA4(l I)olg

VjiiA~wr~r:0;joA~j))ovooli9fl

AOA=AOVi (yJ 
ofi~lpZon

C- GO TO 14EXT AN'LF )F A1TAC'( TF Cwlti FLI14 -m.Cm OAT4 rXCErCED

00 30 1Tlr1917 
O0001220

IIfj 1:11*I I .OWO1l
3fl

*1*(IA.;.I); i 31 DnOOIZ2fl

C LOC41f Clilsi rLnw 44L," 411tOMER 14 )AT& TAAlt.

IF(:FMti,.tI;F.1miC. 4C(11).A'r).LFMN. '.7. ACit (vi 1)1,0 T 32 OoOWlSfl

30 CO'TIJ 0',001Z60

32 00 34 Aslob 
.00~01270

,(PuIxK. 
0d,001280

!7tpl*P1T.6)G'l W 41 oftoo!?9f

IFAU*;ETL2A'(.,4)AJ.E~AP~(ol V)OT 15 01)001300

14 CONrINUVr 
0#1001 3 10

c INTERPOLATE FiR TiI4'S).4 VGNTE.4 eTIEtr-T'4 oARA'4ETER Av,, T-4O4cnN4
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C SEPaHAT it) I ANILP 3A 4ALI4E CI 4
35A £rM A C 4C ( I C F d 'U .C -4 1) -T%4 ar H C( vy m I I) 04001320j

T GoraT G A 4P (Ir.i3CA. r A 4 p 0IK) -T 1A -aP (TI0 P'e 31,w 0000133o

8u(rALI'eA(K)-AOA)/(tA..PIA(,A3-TAL0.4AgKP1i3 OnOO1350
GAa2TGK-N.(TUK-T3(Pln) 00001360

XtuTIII)-(A(TA(Il-Tglll~~l)040001370
DO 52 Jjj.7e O0600380

C I.T!RJPOLATE FIR T-I40463 SEPkRATvrv.oflyoNr mARA.4ETEo
G5F@P(JJ)srfSrP(ll.JJ).(AO(rGSLo(yI.Jj,j)T4.bP(IIP1. IJI)) 0n001390

62 CONeTINUJE 00001400
so 10 3 041001410

31 GAM280.' 011001421)
C CROSS FLUle 4.YN')L)S VJ-4'E-4
36 R#4CwVC*D ,/A%j 00001430

PIZ301i0iý 00001440'

C vOQTEx iT~..'G'T4 S:a-Jd(r Fa%.fruR
On001460

I (175bCCF'44*.~) 0001480
~ ,0"001490

06,0015,00

STR)UllAL '4tJ4m- OO-Re

IFI4NC rvT.l1.E#.0'))Sz!. 3j 000053n

C S.4tJL;)I-'l 1):ATII'10 ly f"ArS llg. ~Pok-frtln-l nOTNT DACA,.E.TE4

C T4014SON4 V",*1E4 Sk2A4AlJUN 'k'0'LL
EsATAN(Vl*TAN(ArnA4(j)3 33 0n0015&

C LFN31 H4 oF H3Luy TNrLJL.ICEU tY -Ji'qF EPFECT%.
EqASE=zU/('..*T8N(E)) 000015yo
AXL--X4O 'YL-E~HSv OAO015~o

C C1Q:UpFEiENJtliL SriD&44110v £ANGLr
TMtIAI(.*A(:T4/A(14)II 0"001610

c VtPTICAL tI1STANCL ý%-tNLEN vu4T~r~Fq nF Ltv' QIGN

C STA3LE Vo't-TX STR-F) _Atf JOAL %E0i'.A-rTON4 1lyT4;A'CF
4u.~Wl'L 0OO063n

C SCiE T40O4SDN VOHrTLE S4I4E'UTN Fnpi r,0'WTA CQflcS F OW
C REYO4LLJ' 4U48fRo;

C TwnA.r04SI STkrFT VU-?T7^
5', GA~4bAMPVJ'4F*DebJ,4(4)AR(1I, OM001660

SA~*-#I GA 4 0000167o
C AXIAL iJISTAIJCr qE.I47E' rjEPA4ATjr.,- 0l'k'Tr CRO ST4Ert VORTIC~i 3F
C LIl(: SIGiN

DG t~S~OIJ(l -iF J3) ) J/ (1AN ( nArv3(t)I ; 1 @. '680
DGAA*iA 41 0"001690

C STR7ET V04TrX G404T+ .4'4rFi
6RA TEMIGA4/ )G 0070

C E7FFCTIVE Ii)fjy LE-137T-

-~ ~~~~ ... .... . . . .....- - ~



IF 0 CuwiF-.EA. n) XF 8-iO)'VL 0011
Efdo)YL a XF 0012

C B0(~1SEGMENT *?G'

SEe..PA$O(Ed"OyL0/ 4S 00001730
Do boo J21920 06001740
IFIJ.LT.0C63 ro 30n OflOOlS0

JM~aJ-d 0000176o
9SE 3T 4J) a 6!pEP T IJM4 ) 0000177
so rL) 600 00001780
vc orprEX AXJA, qE0~A4AT13N P014TS Ar, )rV1',4Efl RyMmo

300 G6Fr(JuBGSEP24(j)*/(1(&4UA'4(1i.S) 040101? n
boo Cow T I 4U OnOOlsOC

C CAt.:LILArIflNS tOflE E')7T:41p4E t.-IORUv aArcý rr 4CTUAL SikrC SEPAkRaTTO4
C, pe)1.4rs 11STr3 tHOPOS-31 )iAt, CIRCll-AwEmF!NTTAt, rPA:WATJ"AN3LER A40

C L0E4L dfluY )lA'4FTr-q

Amg tU.*O onooolin
ja OnOl 820

603 AL=LAXL *S6-6. 00'00183 o
LXJ 41 a AXL~s-S4L On001 840

608 IF;FTi.S4-%).GErJ.o.4,1r, TO ono 000185
so rU 69i3 00001860

60? IF(3SEPT ( 1) Gr.'h)S.9 -0 'g'3 1 t4041no $

C CONIL .NOSE 0:AL 4A)IJ5 CALCULATTINizz
SIG Ca5Jl)./')L 0"0001890
RMAPALELTA4I'S1) . 04001900

Ra~M~aALP4IeA~~J~1940 OO1410
y~p3~A~eS~(TMr&I n001920
V23~E~lOIN T~ I I) n001930
YF1~Z I~'~.?P~4 /~.0400194n

R~miEGu&AL-3SrPTIJ) 0000195n
DELYv&E.4SfG4TAiE) 000O960
STF.)5AXL 00001970

Dort32ýY4A-)tA~jC')OnOO1980

GSý ;lJ, 0;L-Tr 1Jy 9)- _6 00002000
GSF2VJ3uYeiA1 Or,002010
GSF31fJ)Yv~iA4/TAdj(rTIEIIAIJ 000OP020

jaj. , ~OnOOP03o

t~ o~ento.?050

6q T1ST 4S- OnOOP060

STF24l-STEP:SGr 4 0~000?07
R&X.uSfrP*T4N(SjG1 'ý4onoposo
RACEf41zrJP41&TAN(,Sib) 01002090
Y70:042-44 t-Sl -4 TPMET Ai I 1O0OO0210
Y?2Px AXL Al SI* f T,4F TA Ion)p

DE 0Y-01IA 1r) 0q00?plo

1F(!FPttJ).3 T.SYEz00 31 U atu6 0000PO?5

Juj* I0400216n

1F(.GTZri T'l b? "0~00?l9fl
00 TUi 604~ 04002200
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2613 PAGE IS BEST QUALITY ±-AQTLý UK

R4A d 1,44 I ~k1 Y Yrw±Q n,. T DDC -

Ta~j3E'T t)'1VE L'ICAL. 44)t0% CALCOI ftT?"N 0'0O2ý

RAt~q (OA)*. (AXL ))*fl(n/2- ) TCODAO) 0n002220

Y2Rw4LSl(~Tl 00002equ

Y?4AXL,4l*5N rT'.E rAl 04002250

Y2RAH=(y20N4+y2) /c. 0n002260

REMS~izAA'3SCPT(CJ) 000022?o

DELy*RE4SEGwTAN E) 
0n002280

STE~nAXL 0n002290

lF(DELy*LT*YZRAR)0 rJ 050 0n02300

DEL3wy2RA4/TAvI(F) OftOO23l')

GS*JzS2())- 0nd02320

GSEzY(J) UY2iA4 09j0023 30

GSE-*Z(J)V~eA:/TA'4(THI-AJ) 
000C2340

jej. 1 On-OO2,35 0

IF(J*Gr.Z1)30 F') 6f7 0#qO0?360

60 TO bft$, 00002370

609 STVD=5TEV*.SEG- 0ft00380

STE."*1 2STr-P-S7GI- 0002390

Y2P;14*AXl*5I l(TH-T'41) O0"00242

Y2A4AXL41;SlPtT..4E rAn 0nC02430

DEL3mYe.4CJ/rA~jIFr) 0n00?45fl

GSE*4JI =1sE>T (J)*Ar 00002460

lF(3SEP(J)93T.STF2)10 rT1 fhu OnOO2470

GSEzy (J) =Y21AJ 0nOO2480

GSE,3Z(JV=Y23A:ý/TA'4( t'itr&1 0nOO0?490
JUjd. 00007500

Go to 6od 0'0O0-52o

wOprIcEs %E2A*ATE'F4U4 CY,_104UIC'i_ .O)y cCCTION

604 Y2A3~~)IC4T)Off00?5
3 n

0FL:PuY?4A4/rA4J(F) 
OnOOP540

GSF*(jE.RFT rj~)*)F- OnOG;?55o

GSF'y (J)=ye4A4 
0.100?560

GSFýL(J)zy23A4/TA'4( tPtliA!) OnOOP5iA

IF(j*Gr.2,,)3U Tn Sn? 00002590

GO Tu o')d 0 vl 00 00

Sn7 -4, )je~4T 2a OnOO?610

AOJTVO)TE TRNXm ACCJU\4TT-,I3 coo) onclF EFFECTS, A4U BACr

Do i3 J=1.e'l onoo?620

IF(J.rGr.2161 TO 95 OoOO0?6 30

FIrJ*EU.b)G) 91 0.t,00264fl
IP a8q GSEPP(1)) *G--, 'iUiL) ;u T3 44 00002650

97 JV(3SFIJ).-3E.N0SEL)3) TO 9" 0eimw66
I7(4TyPr.ru.e)Gt) ri Y# 0n00o;WD

SjG*ASli'aI(U/2.)/N2)S:-L) OnOO?68 0

DCSv2*W(J)*TAsJ(;j3) O0i~02690

GO TO LnD 0MO0?TOft
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II OnoOP73fl
DCS=2.09CS Fo" 300cs tA&7vtt-f

101) GAMubAM02eVIN*-I4AA(Jfle))UCS OnrjO27st
Go ru 90 Oei00P76n

98 PGA4=GA'AI.*v I F *51 A JmR( I) )*D onaop?70
DJEL XIa~';EP( A -WNCS:-L 0000o?7$f

96 IF(j.GT.)ibAm=-1.*ýi4% 00002810

GA1t1SV (J) :flA4 00002AftO
Go) TO IoZ? OnoO?65f
4TR7ET vORT:EX STP-'J34"' 4HEN 1%4Fi,:.Nr~Fn :y RiaSE

701 J04=J-? 0"00786A
Vn~IEX STw'4E~GrH A).jj~f~j 7j ACL~ii'.T powl taSF% EFFEreT.

IF(4iS(riSE(JA2fl4.I.4LL).LA14SY( ')=,JATeEAXLE-LSI,(v-.SEP(JWo~i))# "0n002 9 0
104(WT*A;rS--(1)AX 0n'0079'J0
!V(3Ar4.LT.0.U,67AMllV(J)=-(.Ar4SV(J) 00002911)0

702 iFAi~SPJlL. E~lJ~l.~TN 301 OmoO,920)
V04TEX %STRLGTH CAL:ti..Tj1p'a Fu'p /t)TI,rFS, F'nR4CE. Tr) SEP&'4Tre
PRF,4AT,)WlY. KY TH:' rf,-rCt1VE ~JU'lv LrNGT-Iw-
JM.~aJ-1 OeC00793fl

jmpxj-e O00?940
DO13YmAiS (E3fl1YL) 0000295 0

STO 302 onAOO?96n

Nco)icir = ',4C)UvT.1 0(1002980'
CAL'-. XYZ('4,),yNTHF~A!.A.,SP(J),3 CP(Jigr, cptj4Z3.1$lt~yOGSrPy( I)oGqsoo0n00990

ArGsW (J)=3srp(.J) 0fl003010

GCFA (.J) =t.4()Y . 0vi03020
1)=-A*-,ok~*(A.S~r:EP~))-00003030

1ARS(G5Ef'(.jM7)) 0n0030o4o

~ 00003050

IF (3A.4.LT.u.0)GAm,~I U) -GAmrV (JI 0fl003070
Gn6 TO Jll 00003080ý

3U2 CAL-. AI7(-4,),T trAl,~3S (J).3isFý)(Ji~,qPrJi4?I)H'14flv.GSrPY( ,),6rPOn00309fl
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233 SF3(Ix4(R~t)OHJFv*&L4~L 0#%00672n

Go ru ?'AP 00o0eT~o
C CII:ULAT1"IN I"O',ILEU *4y glCU'IU VlV)T~x' W'.gC F,41p cF.'4ENT IS 0~

C CYLIN.J141CAL PIRTI1-J Uý -40)Y
231 SAx_ 1((IA4POV14JF*j*l4AAtl)(ALIN~~~,RT-) fOnOO6T6fl

IFALIITAL))ALil(;%P*J~Ffo~~(IRIIi OM0OOA770

'GAX-.P((f'A4P24IJF.)OSI (I-())*(X-mrL*R~l 0000679n
~ 0n006800

236 69U(J1)=(t1AXL#GAX_.4W2'. 0000682t)

CAL-. IE044)(J1.TCASE) 00006,83n
IF(TCASF.FtJ.j'prl Li ?2 O0"006A40
so lJ O ; 0"0004850

6?3 SqtJl~(J*).Ou 0nOOA696
251 Gi(1sJ(j OnODASTO
CSjr)- FOqCE' AN) YAM14G~ 4t),Ffi.r CAl~rjLATtn%4J

F.mCviu t.11 )!tFGo JEI)O(Il.MI tSFp3i /'. 0000900
Go rL)'u 0o00091o

230 IFcJ1.kiT.4)3u T,) ý3 O00O6920
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'4410 4' PcAN IS ff55 VAL io4C

*RooTri RATE O0A 3

J1MIPJ1-Z too,3

DIPPARS(SEPJ) )~~((S!P~1M?) 84006940
SRA~~~PA1 i' I'0~000A950

GAN 1fl8GRAL)340&-l4S3bPJMO 0n006961)

1)) 0000MP)3*AL)ALMs.*za3*AXA-B(.SDJl2OO6980

IFIXLI.T.XL-4)w4S3SP(IM *ILT.AvLE)GAXI~l'u( (AxLE 00-004r990

~ 00007010

~ 0n007030

CAL61 XT7I 49,3.T$FTaI.Ai RPcJI).(,cFp'( III 931rPf1MP) XOOINTvY9?94I*A20ft0070
6 0

IF I CAL. I. 3A1dL IM) 5 ) Il b6'Sqo~o
k DjJSTI4G CIQ:ULAT1Ie4 TO) ACCUJNT COO R'NIAL DECAY

*AXLI'Q a 3AAL4L1 * 4(54'4L14 - QLAI )/?%A'4LT'4l 0e,00'110

*AX1. (SAXL * (04.14-1" - QCAL)/I'AELTm)00?1f

BAX;.Ml a '!AKL,1 * C)-'(Al) * C'Sca73 0000713 0

GAXL.2 1 AIL * CnS(61J &C~le OnOO714n

90 TO 236 00007150

234 J11422J1-Z 00007160

C CIRCULATION IiDUCE-0 0% SE3ME4T' cQY STG#FFT %soRTICES migVIN,4 -404i1'4A 'I

C R0R714 QATE
~ OnOOT1TO

1) 0000719ft
IFAL1*TA *4)4S3EP(l>ILT.AVL!F),GAXL4Iu((AELE- oftoO7200

IARS(GSED(j142)))35.JT-I((AM'L4'1-AvLr)oR;*A1E@O.*) 040OT?10
GAXIPGRTF*(XL-IS~iFPJI42)i 0"007220

~ 0n00723o

IF(X.,.AKr N. i(-SV( M) T.4 (I r) 01AXL a( fA LE- 0n007240
O',00725fl

XPOINT a AX.Mj * (:.8)0076

~ ,i.grp~lM),NINTY,?91.*0fl007280

RCA-. .?I.JTr/l 0n007300

IF(:CAL.GT.aA-fLTp4)-') rJ 6,-3 0ft00310

C AOjJSTI4(3 CIR:LJiArI3N, TO AL.CUUNT Coo QA)TflL OECAY

SAX6041 a GAiLA'1 * I((5&4LIO - QCAI. /nA'4LT'4 04007320

BAX-1 a CGAwL * f(jA4%4_i - 4LAL)/VnAwL?f4) OnOO7330

SAX_0aI f- ~A IKý41 C )I( AIll * CIS(V n'007340
GAX.. a ,AAL * C'IS(AIl OCOS(.id, 0eiOO?35 0

60 TD 236 00007360

228 CONTINUC O0t00?7o1
221 A;F(()uO.0 0n007380

PFwy ((K) oo. 0n007390
C ZEP31NL3, 0,T CINT'RI-)JI )14S t-'04 ~4q O Vnl't1o-EC

ý,'o 239 jT~I.J.IAX 0M007400

SFPC(jr), l,*9 OnOO7410
r04GDCljtI au.0 00007420

SFPSV(JT)-O.0 00007,430

68



L I TY

FA4(;bV (it) 20. 10"007440
C %UM C0NTRI49JTI')"S% T I iI-)E fl)HC6. 'l") YA-4mr. '-AJMI-'T tp'i EA:'1 %rcG'4E-4T

SF ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~T +~a~c~u'(r.FStlI~~T(T.F9A(i' SF3dU( IT) On00 745 0
FMTIYK)SFMT(.)F4GaC(JT3.P'4UJSV( IT)*rmrvRgTqJT)+fwIH IAt JT) 0n007460

1.Fm3HU(JT) On007470
234 COPJT!r4JE OftOO7480

C CALCULLATE SEG-40. C-N!E'4 'iF P-MV; g4r
XAR4A4S~M~k)h/A(F(I~) 0OO7490

2nCnNll4UE 0071

TYM!4A=0.0 OM0 0 753 o

c SUe' SIur FO-lCr 'iN) Y~A[P,' 140MENT 'lTTI,.NSFWV4 ALL SErvE~4T;a
U0 412 <12194S 0n007540~

TSF=T5F.S0 (-() 0'1007550

TY%OJiqZ ryMV4m*y 4om ( i) 0nO756fl

312 CONTINLIF 'n05

IF(iLCu,4.Ei.n)',lJ U)' n0075 8 0
JMAXIXJ4AA

JMO IZOK'.MA 0075l
Go yu 3s?00,007600

3s6 coftl11NJE On-007630

FNF1 (J)%O.O 6075
SRM-14( i)z,).e 0n00766q

C ('AL. FI'JCAL P) CA'4?f JUI VU4IEAFy'N INTL Q',CTIOI- Cr~tr.ULATIOIUq
351 CAL_. Fl~LJ-x'bb()A~Y**F*r4xx*?~~qFLM 0;0076?O

~ OnO'076 80)
'?RNP .. YIl.*PqO 0) 0n007690n
IFtISTIJPýEQ.1)IK1O(I)=1 OnQOTTOD0

C IF IST0u'1 A Vfl~ri.' PASSrS Wlr~lt 1/4 q'nr)v *AOIjS ticFI4*
C DIVnUNtTN(IE CALCU-aTT)Ng,*3U TO) ',Wwr AINJLF OF ATrAf'K

IF(1STU0P*(J.1)GCo IF 0400771fl
S~fl.M(I~H'3'4(T)~.'4  0OO0772o

C SUm SlOE FO;ICr aN) Y40146 1--aEN¶'
JSFut4F*R,%IFy On00773o
TyI,)mzTyMom,((ARS(E40)IyL),(AbSt(XF't-XF)/i).))oW'JFY) 0rn00774fl

JF(..M.Ft.O.ONP~1:1 n007750

I F AM4. F Q. 0.UI F F I (T)1L. 4F 00007760
NORACNOIWA*I oftOOT770

C 00 TO %A wHE CnNr~jt;JTIlO4 F'40. ALI FJ%4q mAVE 4EFN CAL:ULATE)
IF(40RA.(3T*4LAM)G0 r3 n8l 01,007780

LA~N4C ~j~A) n0077 9fl
L A,4 JL A A 0n0070Fl 'n

L A,4 L AM4/5T. P ;7 7 O00781fl
C CALCULATE C10201TN~zh IF F1j J4UnT Caqwl' ,E010I4 E0LV

AFPxAF 000O0782o0
00 007A3O

ZP~z~~/~' I~;LV4)0600784n

sn to J'rI 0n0078n
C CAL.^ULATE F~t.:- 4rE A )YNAP4 I L P-r;4 ~

c CALCULATE SIQr FUC- 464L) YAI,* a*lqrlr ^nrF'FICIENTS
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CyuJ)ar'F,( Je'RRF) 040070170
ClET41ij) TYM)M/(nSqEFel) 04007860

C TRA¶4SFER OF Ya4JP43 4O09Eb4T
CETAMC(r)u((C¶TA(I)jfC1Ufl)-t44C/nlfl.CY(T 04l007900

52 CONTINUE 04007900
IF(IDCONF*El.%)Ci() T3- e4 00007910

C PRJ¶4T tBoDy OL is Ta!..i *J'JTP~lJ
IF(¶4FFl*NE.0),iRy77-(5,0)Aic 0fl007920

8 FORMAT(3A9l54ANGLE )F ATTA *94A,?4Cy,6K,6CPTAMC,7K,'II.R3LL m04-.

616m(FIN Nn. I (LHfl
Ie4MFFl.EG.O)4RTTE(6,vln)XiL 0n00797o

,-JQ 70 AT(3),1l5taNGLE )F ATTACK94A, 4Cv,66ECETAmc.7'(.9*R)LL WO4.*/v

00 3,3 =194IA,000080000
-1P(ISKIP(I).Nro)30 T.)-313 *ooOpolo
IFe4FF1,NE.,)dRrTE(5,,I)A0AU(1).crJ .CT"'().R l~)*FNF1(1) 0082

9 FOR4ATI7AF6.*,26XF?.3.iA.F7.3,6x.97.3.7E."Fq.3) o'0000030

11 FoR4AT C?XF6. ,,6EXf1. £5AF?.3.AxPp,3) n000
313 CONTINUE 00006060

solt 2O 1 O110O670
C P~J'4T JILVLATE) q~j .J'r'UT

?3 WRITE(6.*'i)xP- 0000ACOB
2S FOR'lAT(3A*13HANfLE )F .A1TALK4A,;?4CY*6X,cA4CETAMCq/*

Do 26 1=19NAOA 0081
WRITEi6,27)A0AD(!J,(If),CETA4L(TI 00n008120

27 FoR4Ard7A*Fb.>v6xvr?.s,5X9P7.3) 0f*lo0013q
a6 CONTINtiE 0n008140

IF(JOPI.NE.1)30 T3 ?4 0)006;50r
C IF 1OPTak SCALE ISLTE OU iIT~'T FOR? NOSE PjiJEhESS RATTO A-40

C BLU4.TNEqS RATTO ErF-:crs
CALL9OPT1(tF~,4NSE¶4,o)1e44otxrYC(1,ylCVT l),CETAuCr1), 0OO08160

ZIPASS. 'A4Oi 0n008161
IFUlPAS%.FU.O1Gn r'1 2* 0o0rv170~
wq tE (b.$flo) 06008180

WRrTE(6925flc'4 O"0OO200
Do 901 [1214A)A 0n0082l0
WRITEi6.27)a0aD(II.'YCI),CLTA%4CITI 0n0000420

801 C0NTI4Ur 00008230
24 REA)(Sv4)XkJtN 0n008270

c CHsECI To SEE Tv A43t~4rR AJM 15 Tn o
IF(IIRUN.EleI)O 72 T) 41 0"0829
CALL,,EXIT 0000o 290
ENn 0~0004300

261S PALGE IS BEST QUALITY FRAOTI(."LA.L
IR~lOi P)Y FLUMIsHziD IL) Dfl)C
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C SU04OUTTNE AY? CA-.CJLTES CDOQs)1NITre Or POINTS AL QhIG VbITFW
C B6O0dTH TRAJECTORY
C . oo 11OO * . .e ~ @ ~ ~ g

1p(a8S(AJ),!T*AqS"XJJ)rU TLI IlAn 0nOO432fl

C CALCULArM C,)O;DINATEf OF PUINT!3 AOk~iq a.Qnf.T... TR&a&9ýC+oqY OF~
C optiAL rtT!9E-T VjQHTSE

CE$RAR~fA8S(XJ) ..K)/051P1) 04006340
AC84H a S(RT(Ig(f/?.)I((U/2.)*C(Vc,(T.4FTT)IA*Z '*OfnOOS3so

p1. -(~S'(A ) X*TA'4E 1)) Oii004370

101 DELTA a n0',00638O

Y a 000f4400O

60 TO 1O02n@A1
C CALCULATE C:)0 OyN.ATrF .F POIJNTS r..v ~'%..T-s Tg4AJVCyORY ur
C VORTEX PURCTU Ti~ S644ArE -T Ttw 44cF mr rb4r 801Y

CCIRAH =CAaS(A ,)-x/:ni(0I)On)f3l
AC8%R QT(I(./. (/.C11TTAfl* ). OftOO64 40

Za OmOOP46n
so To intOM097

loZ RETJHPN Ono0Oq ##a()

EP4. 0000OR490
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SURROUTINE EO1OII'*4TI1h) 0nooqSOO

SUGRourlNE EOQ0 DET:-R41,4ES IF A V2P4TEN TS NgMUEaEr) eVEN OR n~os..
NI4S OETEQ#41NrS T4E SL54 APPLILMr TO T'4V CiRrULATIflN

II4~es~r, On0400510
I NP)3IaNT * 0n004520
INP102alND1/2 0Op00R30

I7IINPlfl?.GT.TNY0D3 IE)wfl 0#,00R550
000 zeuSo 0n00q560
EVE4 lEnsi 0n00q570
RE!JRN ~OWASSO
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SLJR4ULTINE rI'JCAL(J~924bV~~~oZ vA*~~fA~lq'~ OnOqAAof

I1iSED1 .4SEPZ,-I.E.PII ,$D$,vNF!MR F.,IINFr.rc~p.4NFY,!IqTDP* OnOORA610
PRNF ,RyCP9ROLy) oin00A620

REAt..'LAm4 OnO0P63 0

DIMENSION Y^6P(Zf) 0nOOA660
SuBR0UTINE cl%,CAL CAL:IJLAILS PHIr 140'vik FnrE I%iO',JCCU 04 FINS arf
SMED VOq4TIC-S TN VIE -400Y LEE ryT)E WAKC

* START=.IMAX-1 (,'i00P670
00 53 J=JSTARY, lMAx OoOOR680
SHE.4) vORTFx STRCN-jT-i
GMzGGA'iSl(J) On009690

CALCULATI0N Or COURII'4TEt) ON FIN LrAflt'i( E'I6E 4#IC~r CACUL&TI0oJS
ARE TO REM~

* K()UaFq OnOOR700
y 1) =YFcQ Q1004~710
7(1)zlFo oftOOT20
FLF.Sm(AMAA-Xr/(V,4Alt-lý) OfOOA*30

* OELZ4(lFMAX(Zc)/lO. 00"4
DO 51 1=1*10 on~ow~so
IF(I.6T.1)G6i TO 56 om,00R76r)

Z(~(T (EZ/2~.)CJS'(LAM) oftQ0olap

On TU 57 t'noOoqo
56 K*T-4 0~oftoo1

Xtl)=FLES*UrL7.r(<) onooA 2 0ý

* AXIaL DI'iTA'4Cr- PH) OJT-47 UP VUr)TEA. zFo-kw&TTON TU PI)P4t ON r'['

57 DELX2A'4S(XiI),GSE2T(Jfl OrOOAR56

* DEFINITION4 3F VO~REK laERL DlPAtmF'4FT
1PtA,4.GT.O.O.AND.J.L--.2)YvCLa-r~c~rP,(.j, nO008860

IF~s4.c~o~.AN.J.T.?Yvc:-I/).00nOORn
IFýA.Gi JA4~.JJSA U.~)..)jAAv)YVCLz-^ISVPZ(j) 0OnOA8Sf
IF(G&)I4.LT.0o.)AN4).J.-E.2)YVLL=,-P7(J) 0000849 0

IF(3AM.LT.O.O.ANJL.J.3T.2)YVCL=t/?. O-PoOR900
IF(3AM.Lr.ojO,.ANDo.j.Ey.JSTA~4I l..Q.OVYC~~~ZJ OA00~4910
Al(AtSSIZ(!)-iELX.ra'l(E)))*CfJS(F) 0flOOA920
41=4iS(YVCL-Y~fl) On~OOA93o
ANG.E=ATA'J(AI/,4i OAOOA941

dAl=0ELX/C)S(E) , 0A0p9so
~~ 0t400960

BRA O0l0OR970l
ZAOJ~AN~IN( On0R0980
~'.4 I ZE~VOnOOA99n

RAr)IAL )VrrAN'E F4.:1 V)QrEA CQklrTJj POT\MT ON FI'j '4FASJ4rO biO'4G,
A LINF PER-'41r -A tjV T-I VORNrrt -09F

* IF vORlTEA PAS;ES 4J~IT-1 1/4 tSOUy IA,)Tl'jS Or POINT IN FIN

~ ~ ))1,4 .U4 FINj 4Y V#R:T~y
OnOO903 o
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vyi uVTI eSIN (P-el) 00009040
VZjzVT1*C!.l(P-4I1 I CJ6(E) 00009050
IF(ZAL)J.LT.Z(TflG) to ob 051S 00009060T
IF(YVCLLT*Y(T)lG) TD b47 .h 0006

Go r1ov69 0"009090

R7 VYla-1.*VV1ot090
VZ1:1..*VZ1 0"0091l0
50 UO .6'4 00009120

86 IF(YVCL.LT.V(T) )Vl12-1-VZI 0n009130
69 VYN1UVYl*CU5(CA'4) onooqlso

VZNIzVLI*SJ ( - A4) 009
NIOR14AL COlAV.)NrNT JF V~i UCITY INOOTI~~~ flN~ FYN BY VOQTrX
vN1:VYN1.'/Z'J1 0fl009160
AtxA8S(7( !)-OrLX*TA'4'(:-)) 0"009l70

B2vAdS(YVCL-Y~fl) 6009i6O

4NdLE2wATAN (A)/q2) 0099
ZADj~U0ELx ITA'4!C) 00009200
PHI UANql-ý? 0fl09210

7 0 Q?x(Ai4S(I( )-)Ei.AOTAN( )/SINCC'-4y'i 0n009220

IF(YVCL.LT.Y(T) .A D.Z&)J,-.1t.Z(T) )3' TI) Re 0"009240

I7(YVCL.(T.YIT).AD.Zl)jt?.LT.?ITi) ne To) gm 00009?5O

DFOVINJTIJJ' F E',UIVII :'4 E U-1.v~FP rT~rfT-4
8'~ A ?V (?.~4I4) ~ n009270

G-, TO -1~ 0n00QB0

89 G~~-1.01 2*ol0)/(IN(~ )on LM CS(~? *;41A'4j 00009290
Go TO 1.3 OftOOQ3 0 0

90 SA ?0' *(*ýH*? I N(04 )oS11 M 00q(H )O 1( A4 nO310
30 tj 731 0n00Q320

91 GA=O T~)/N1)CS(A~~PIi~~(I) n009330

* LOCATIONi IF 14AAE V')QlEx
73 7.O~VL~)(ULTre. n009340

9jac (D/P.)**2.)/F 00009350
TkTwrk!(4(i 0n009360

~ 331*~ ~ -4~ A 0O09380
ZIN310C 1S TIEYA) Ono0939 o

~y=SuA~rVU-~!))*@.J.Ar~7fT)..?,).2.IOnOO9400
~ 0P009410

CALZIJLArE v:-LICTT'( J,,)ijC~) 41f Pn#,4fj aN cTyi qY 1-4A',E VO.~rEx

M~1gA.~,/CI)~ono09~043o
82T:A43S(YT-Y(T)) 0n009440
ANO.jIxATAN(A'I /8?I) 0n009450
PH41?IA'4(3LEI. 0nO0Iq460
V y! VT I* SI,(F'.I? 1) 0'~00947"
VZI*VrI*Cn5(P4I71') 0nt0094 80

IP(Y1.LTeY(1)'Gfl t393 0n0009500
VvYT-1 .*VYI 04009510
GO TO 76 00t009520

93 VYI-loovyl 0(%004530
VZI~i ~q, 1  00095'0

* Go YU 76 0n00955O
92 IFU'I.LT.Y;!,VZI=-).*VZT 0n00956 0

*76 VfYNI8VYI*CO3(,A'A) 00009570
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C *IOQ4AL C0J4P3Nr-T )V Vj-L!iCIIf INqbli--t~ AT Pni-i o%. rt%# ay I4A-
C vnATEX

00009600
C CALCULArION or NO04SL. COm4tDD4E~4T ir *FrL(1^1'Y INO lCrl) AT 30161'r
C ON vIN 4y Cc-THYAL V)-41[x

C Sum4ATInN Ur qoqmaL V*-LOCII.y CU.4DV1NTS PFiR ALL Sr6,&ENTq
VNT (I)ZJNT.VNI.VN: @n@09620,

51 CONtINUE 0n00963n

S? CONiTINtIF 06009670
00 53 M1910 66009660

C EFFECTIVE A,46F0-- (A T ACK 16UUL3ri Ar PO)T%* ON FIN
AO~blzTNA4~,Tl)vi~ 0,1004690
I f* IL 0"00Q?0f

Pk3 CoNtINUF ofiOOQTIO
SY A) Y 0*0.0 Ono~q?2n
SAI)Y24fl 0m009?3o
00 44 1.21010 00009740

IF ifs~a.1 Y:,='~ .~:e/?.0Q09?5n,
IF U .rjT* I)Y'PT=YC31:I~ o n009761)
SYA)Y*Ar)A"StII)*yC~ I ')L!#qYAJY 0"'009?70
SADYSA0AUq (I)*O i*A), 04~009?60

44 CO3NTIN4UE 00009790
C FIN4 SPA-iW!SE -ýE-,Trj~ 2REbStJR1

C AVF 4AGt VL )C tT Y I )J) 1IN I r*%'4V, FtvbP

A Is4)A rAt4( 4 4(V (j) v I *FA) 0n00942fl

A~u'IAF~'./EF n009640

C NOQ 'AL ri)4C-- TW)J--), j4J Ft dY il" 'TFX
FN(j)wC4A*AIN-j*'*ijr-F 000OQRTfl
Alp~zAl%#D*?.,Qp 060000680

C LnnOl ANDI CA..C LAT' O40-4141L K)'WCE tyr)OCFfg 0 y ALL IT4Ei VOtTIreb !
C

53 CON E1, I-uE 0"009900
RNF*0'i0n091

C* RE4JLIA,4T FIN 'JflW4A9l r?4CE
0o 54 12JsTART9,04AA 60609920
RNFzRN.F*F4( jOn)q

S4 CONTIJ'JE K 0"009940
RNFYzRKN*CO;1 A-4 4 n00Q951
RNF 1JR4F*,I 14 ( -A'R) t.00009960

* o 900,009970
C. CALCULATE RJL-I'JtG MI')MNT

Do 35 I=Jq1A~R.9144A 4""0 98
PMw.f4*YCP I *rN Ii) 0000Q999n

8'i CONTINUE OnOOOl

RflL~-I *~NP~YcP00010020
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Go ro - 04010030
Pi isriPul 00010040
23 qFTJRN onolOOSO
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?qRK3 (69b') ,f44KAE11%9 ) OCV I ) 9CETA t f) .CrTA4lg1 00010090

C SU434UUTtNE OPTI S^-E ISOLATEU .;10v SflE FOIRCE A4O YAW1~4G
C l4om4eA1 POQ Fl~iEN.ESS 44TIO AhJU di itqT-.,Fq iPATIO E,'FrC-rS
C

DATA T4C/e~~~*'0"09jj 00010100
DATA TV4/.03.0.3. 7B4.4.f/ OnO10110
OAT& Ftw9270i ' ;S1.O8I9Ie0ý?."*.Af39fltfPQ9 00010121),

OoOl013o
I Ifr'1. 3 o 1*.00 #1 Oul). I. *iiot, IAfnnnt Ono 1 (140

OnOlftlet)

3 ~ 7 OnOl0l9fl

5 OolnO~nlo
DATA 011000IU~, Ol,.U',*,tIOO ~10220

3 04-0...~~.~~oT~1%..~Ol10~24 o
* O~3A..5?.I.~Wd.rn,.QOI.7ke 0n010250

S OmoIPl26fl
DATA C7 .0omoko7n

3 9 ?2 '010109n
* ~ OmOI030 0

~ r~) 1 nOlO3Zfl

l~~~Om 1 ni I n 34n

JPA~I OnOIA36'A
DO A I=1. 0,1010364

2 C0O41 11N100 000104 0 0
3 I7pzI OMOIO41fi

On f 119 On'o1C43n
ja * OOf,01f44fl

4, CnNi 0 IFk 0fi01046f
5 J14u1 0n010470

1141 sj(T ) -S-%) (T4CH IA .T#c41 4) On'Olf490

IF(*iN*LE.S.1),Gn TI Onolo53i
Or) 1 TO' n010540
juT.1 06010515n

1 CONTINUE OnOIoSin
818R1 00010580

IBR1~J 0n0O590
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ORO1('610

ir(FN*(;*3,0AmDF4%*E*69)GU I 1 nO 10630
One 10640

RATIOIU i2.0-F;tO / I? U1 0) OnOIO660

00 To1 11 O@0 7

Oaolo690

R'ATIOI3(4,0-FqN)/l4*U-3eO) Oq,0107 0 0

so To 12 nlO3

9 ORKI1210 Oi0907*O

12 DO A3 1s1,NA04 @0010750

Cy(I)mCY(T) *FclKT*3Q~ 06olo?60

CET~4"I)u(CF1I(1F)KI
3 l(l))(4/)oy 00010770

13 CONTINUE 0n01fl790

1 IPASSSO Ontaloolo

I14 RETJRP4 0onlo820f
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6.4 Sample Inputs/Outputs

Isolated Bodies

Input:

VINF - 890.0 ft/sec

FSHN - 0.8

RHO!NF - 0.000642 lb sec2/ft 4

2
ANUT - 0.000575 !L /sec

D - 0.312 ft

SREF * 0.0768 ft2

MOSEL - 0.936 ft

DODYL - 3.12 ft

XmC - 2.0 ft

DELTA : 9.45 dog

NS , SO

IDCONF - 0

NAOA - 15

NTYPE , 2

NLAM - 1

AOAD - 24., 25., 26., 28., 30., 32., 34., 36.,

38., 40., 42., 44.. 46., 48., 50.

RA • 0.0

GAHLIM - 100.

IOPI - 1I

BRN - 0.0

IRU 0
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Output:

ANGLE OF ATTACK CY CETAMC
(DEGREES) CG- 2.OOFT

24.00 0.486 1.209

25.00 0.342 0.891

26.00 0.155 0.537

28.00 -0.287 -0.255

?0.00 -0.791 -0.909

32.00 -0.705 0.308

34.00 -0.241 2.254 j

36.00 C.251 3.872

38.00 -0.069 2.334

40.00 -0.693 0.319

42.00 -1.137 -0.774

44.00 -0.389 2.218

46.00 0.455 4.772

48.00 -0.324 1.495

50.00 -1. 163 -1.341

PICKS OPTION

ANGLE OF ATTACK CY CETAMC
(DEGREES)) C'- 2.OOFT

24.00 0.694 1.728

25.00 0.489 1.273

26.00 0.222 0.767

28.00 -0.410 -0.36')

30.00 -1.110 -1.299

32.00 -1.008 0.441

34.00 -0.344 .3.221

36.00 0,358 5. 5",

38.00 -0.099 3.336

40.00 -0.991 0.456

42.00 -1i625 -1.105

44.00 -0.556 3.169

46.00 0 651 6.819

48.00 -0.463 2.136

50.00 -1.662 -1.916
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Body Plus Tail

Input:

VINF - 921.0 ft/sec

FSHN a 0.8

2 4RHOINF - 0.00059 lb see /ft
AMU = 0,000574 ft 2 /sec

D - 0.312 ft

SREF - 0.0768 ft 2

N6SEL - 0.938 ft

BODYL - 3.12 ft

XMC * 2.0 ft

DELTA = 9.45 deg

NS 50

lDCON~F 1

XF - -2.709 ft

YF - 0.0 ft
ZF . 0.1561 ft

XFMAX - -2.917 ft

YFMAX - 0.0 ft

ZFMAX - 0.312 ft

SREFT - 0.049 ft

NAOA = 18

NTYPE 2

tiLA M 4

AOAMD 25., 27., 29., 31., 33., 35.. 37.,39., 41.,

43., 45., 47., 49., 51., 53., 55., 57., 59.

RA 0.0, 90., 180., 270.

GAMLIN - 100.

IC)PT] = 0

BRN = 0

IR-N,. 0

81i



OUTPUT

ANGLE OF ATTACK ('.-rAN,: WILL MMN. ?&)KMAL FORCE
(DEGREES) CC- 2.00 FT (FT-LI) FIN NO. I (LB)

25.00 0.355 -0.820 -0.607 0.939

29.00 0.353 -1.026 -0.797 1.767

31.00 0.490 -0.484 0.301 1.120

33.00 0.767 0.376 0.116 1.208

35.00 1.013 1.171 0.487 0.594

37.C, 1.190 1.856 1.199 -0.964

39. W.: 1.85 2.314 2.215 -3.388

43.00 0.651 2.,669 -0.155 -1.884

45.00 -0.096 1.650 -0.839 -0.640

47.00 -0.804 1.111 -2.17.4 2.498

1-1.315 1.445 0.374 1.705

53.00 -0.522 3.404 2.680 -0. 899

55.00 0.176 4.468 3.296 -5.729

57.00 -0.238 3.576 -0.470 -1.280

O59O0 -0.538 1.324 -2.087 2.631

The results of these two sample outputs, are compared against experimental

data in Figures 12a and b and 13a and b

8i
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6.5 Program Limitattons

There are certain limits which apply to the application of the pro-

cedures and program described in this document. Following is a list of

the program limItations which the user must be familiar with before trying

to use the program.

a. The program is crossflow Mach number limited to values between

0.15 and 0.5.

b. Due to the large side wash velocities and correspondingly large fin

normal forces produced when a vo'tex core passes close to a fin, the pro-

gra•. has been set up to discontinue calculations at angles of attack when

a vortex core passes within 1/4 body radius of a fin and proceed to the

next angle of attack. The 1/4 body radius limitation was selected after

3 cor•arinq the results of numerous run!; against expermne-tal data.

•At potential vortex model is used in the program. The velocity pr•--

duced by such a vorte.t at a radius R is given by the following equation:

v r

2,r
It is because of this that the induced side wash velocities becomes

so largo! when a vortex core. passes close to a fin. In actuality a vortex

has a viscotus core beyond which the vortex can be madel~d by a potential

vortex. In the viscour core the veluc.ity goes to zero at the center. In

order to retair as simple a model as pocsible, it was decided to place the

limitation described above on the. program.

c. The progran. should only be applied to configurations which have 0 -

or 45o. This is because the progran' rnly calculates fin forces induced by

the presence of an asyemmetric vortex system. Only at these roll angles do

:the forces o the fins produced by flc., conditions other than vortices cancel

themselves out due to opposite senses of direction.
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d. Physically it is logical that the side force induced on the

finless portion of a body is contributed to by both feeding sheets

and shed vortices. However, comparisons between predictions and

experimental data have indicated that the best results will be obtainee

when the contributions from shed vortices are neglected. The program

logic predictr ,oth contributions but prior to the point at which

total side force is calculated the contributions from shed vortices

are set equal to .ero. This is accomplished by inserting the following

SFPC (T) - 0.'0 [Side force and yawing moment induced by a shed vortex

FMPCC (JT) - 0.0 passing over a complete segment

SFPSV (JT) * 0.0
Side force and yaving roment induced by a vortex

FNGPSV (JT) - 0.0 shedding within the bot ads of a seament

within the do-loop ernding with statement 239.

These cards may be removed at anytime in order to study the effects of

shed vortices on body side forces.

e. Caution is ;,dvised when employing the option to correct for

nose fineness and bluntness ratios. The reason for this being that

the scaling factors were derived from data shoving ronsiderable

scatter. Also due to the unsteady t.ature of the vortex phenomenon,

it is possible that conslderab'y different scaling factors could be

derived using other data sources.
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